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ABSTRACT 
Recently, the livestock industry in the United States has been under scrutiny 
of environmental policymakers and the general public in regards to the industry's 
impact on the environment. This has forced the livestock industry to be more 
conscious in the handling, treatment, and disposal of manures produced by 
confinement animals. The management of animal waste typically involves several 
steps, but due to low production profit margins and the demand for technological 
simplicity, animal manures tend to have less treatment than human wastes. Liquid-
solid separation using biomaterials, like com stover, offers a possible cheap and 
technologically simple alternative for waste processing, in some cases. Separation 
allows for the recovery of one or both components (liquid or solid fraction) as a 
useful by-product or to enhance the overall waste treatment process. 
The primary objective of this investigation was to examine the effect of 
biomaterial filtration on dairy and swine manure using two readily available 
biomaterials (com stover and wood shavings). The effects of filter density and 
influent manure total solids (TS) mass were also investigated. Filter performance 
primarily depended on manure type and to lesser extent on influent TS concentration 
and filter media density. TS mass removal ranged from 53 to 80% and from 35 to 
56% for dairy and swine manures, respectively. Biomaterials, like com stover, offer 
some promise as filter materials for liquid-solid separation of animal manures. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Recently, the livestock industry in the United States has been under the focus 
of environmental regulators and the public with respect to the industry's impact on 
the environment. Increased consolidation in the livestock industry, urban sprawl into 
traditionally rural areas, and difficulties in communication between environmental 
policymakers, the general public, and livestock producers have brought the various 
parties into conflict on environmental issues. These include the release of excess 
nutrients, odorous compounds, dust, and emerging Issues such as the release of 
antibiotics and hormones into the environment. In turn, this has forced the livestock 
industry to be more conscious with the handling, treatment, and disposal of 
confinement animal manures. 
The handling, treatment, and disposal of waste, whether animal or human in 
origin, typically involve several steps. These steps, called unit operations in 
municipal systems, range from collection and transport to treatment and disposal or 
utilization (Metcalf and Eddy, 1991). The Agricultural Waste Management 
Handbook (SCS, 1992) classifies these unit operations based on six functions; 
production, collection, storage, treatment, transfer, and utilization. The production 
function is dependent on the amount and nature of manure produced. The collection 
function refers to the initial capture or deposition point of manure. Storage is the 
temporary containment of manure. Treatment refers to the use of biological, 
chemical, and/or physical means to reduce the pollution potential of the manure. 
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Transfer is the exchange of manure between the previously mentioned individual 
components and utilization. Finally, utilization is the reuse of manure products and 
ultimate disposal of the remaining portion. 
Low profit margins and the demand for simplicity in operation are the main 
reasons why animal waste systems tend to use different waste management 
functions as compared to municipal waste systems. Municipal systems also have to 
comply with stricter environmental discharge regulations, which tend to force 
municipal systems to use more complex waste management systems. Complexity, 
for example adding anaerobic digesters into the system train, can increase the cost 
of managing the waste. Also, the additional functions, like the biological treatment 
and energy production associated with anaerobic digestion, greatly increases the 
management burden, in terms of time and skill, required by the system. In most 
cases, farmers do not have the additional time or knowledge required to operate 
these systems. Liquid-solid separation is a waste system function which by nature is 
fairly inexpensive and simple to operate and is becoming a part of more agricultural 
waste system trains. 
There are four main justifications for using liquid-solid separation. First, it 
allows for the recovery and reuse of a solid fraction, for example the recovery of 
bedding material from dairy manure, while the liquid fraction is disposed of. Second, 
it allows for the recovery and reuse of a liquid fraction, for example excess solids 
can be removed from a liquid stream, which then can be directed to an anaerobic 
digester for methane energy recovery. Third, combining the previous two points, the 
liquid and solid streams are separated to facilitate reuse of both streams. Finally, by 
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separating the two streams, even if they are not useful, it may be more convenient to 
treat them separately (Wakeman and Tarleton, 1999; Femandes et al., 1988). 
Two principal ways to carry out liquid-solid separation are with sedimentation 
or filtration. Sedimentation occurs either by gravity or centrifugal means, while 
filtration uses gravity, vacuum, pressure, or centrifugal means (Rushton et al., 2000). 
Examples of systems include settling basins, various types of stationary/moving 
screens, centrifuges, hydrocyclones, belt/roller/screw presses, and sand filters 
(Zhang and Westerman, 1997; Rushton et al., 2000). There are numerous 
advantages and disadvantages to each of these systems depending on manure 
characteristics, performance, cost, maintenance, and ease of operation, so proper 
design and evaluation are required before installation of a system. The literature 
review contains a detailed comparison of these systems. 
Due to simplicity in operation, availability, and potentially low cost, there has 
been an increased interest in liquid-solid separation using a biomaterial, like com or 
soybean stover, as a filtration media instead of a sand filter. Biomaterial filters offer 
the advantage, once a filtration run is completed, that biomaterial and filtered 
manure solids can be composted or immediately land applied for utilization. With 
composting, the carbon rich biomaterial can help tie up the highly volatile nitrogen 
compounds and help preserve this nitrogen until utilization. Thus, the use of 
biomaterials such as com stover or wood shavings, may offer a viable alternative to 
traditional filter materials such as sand or coal. 
The main objectives of this investigation were to examine how two biomass 
filter materials (com stover and wood shavings) affected the filtration of dairy and 
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swine manure. Filter material properties, such as particle size distribution, density, 
and porosity, were measured to see how these parameters influenced filter 
performance. Three filter material densities were examined in this study, the in-
place density (no compaction), 1.33 * in-place density, and 1.67 * in-place density 
along with three manure influent TS mass concentrations (0.5, 2.75, and 5.0%). 
Statistical analysis (ANOVA) was conducted to determine the existence and type of 
relationships between the variables. Filter depth was not considered in this study, 
since Zhang and Lorimor (2000) found that for swine manure filtration there was not 
a significant difference between filters of 10 and 30 cm in depth. They found that a 
layer of solid cake formed on the top of the filter and increased in depth until the filter 
plugged. It was observed that most of the manure solids were trapped within the top 
10 cm of the 30 cm filter, so tests were run with 10 cm filters. The removal 
efficiencies with the 10 cm filter were very similar to that of 30 cm filters, thereby 
implying that filter material depth was not an important factor for filtration (Zhang, 
2000). 
Thesis Organization 
This dissertation is organized to facilitate the understanding of the factors that 
affect liquid-solid separation of swine and dairy manures. The dissertation starts 
with an introduction to familiarize the reader with the general reasons for conducting 
the study, followed by a literature review summarizing the previous research 
involving the use of biomaterials in liquid-solid separation of manures. The primary 
section of the dissertation consists of one chapter structured in a fomiat suitable for 
publication in a technical journal. Chapter 2 contains the analysis of the liquid-solid 
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separation manure trials. Chapter 3 consists of a general conclusions and future 
research recommendations section. An appendix, containing the experimental data, 
is attached at the end of the dissertation. 
Literature Review 
The main environmental impacts of increasing concentration and growth in 
the livestock industry are the generation of odors/noxious gases and water pollution. 
As livestock operations continue to grow in size, producers resort to liquid handling 
systems to ease the difficulties with facility management, especially with dairy and 
swine operations. Liquid-solid separation holds the promise of enhancing manure 
treatment by separating the manure into two, easily handled, components. 
Liquid-solid separation of manure reduces material handling problems, 
removes hard to degrade solids, and diverts the liquid fraction for further processing. 
The liquid fraction, by having the solid portion removed, tends to have a lower 
phosphorous concentration since phosphorous tends to be concentrated in the 
manure solids. Lowering the phosphorous mass in the liquid fraction makes it easier 
to dispose of by allowing higher application rates as compared to unseparated 
manure using phosphorous application criteria. Also, separation can reduce odor 
potential in the liquid fraction and reduce threats to water quality (Ford and Fleming, 
2002). For liquid-solid separation, Huijsmans and Lindley state that optimal 
resource utilization occurs when the liquid fraction is used for methane production, 
the solid fraction is recovered for bedding, and the digester effluent is applied as 
fertilizer for crop production (1984). Liquid-solid separation is generally more difficult 
with animal manures than human wastes since manures tend to be slimy, very 
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nonhomogeneous, corrosive, abrasive, and generally have a particle distribution 
shifted towards smaller size profile (Zhang and Lorimor, 2000). 
The two principal ways to carry out liquid-solid separation are with 
sedimentation, with or without chemical addition, or through mechanical means by 
screening or filtration. Mechanical processes separate based on particle size 
differences, while sedimentation utilizes particle size and density differences for 
separation (Stoke's Law). 
The use of sedimentation and settling characteristics of manure has been 
studied by several researchers (Burcham et al, 1997; Jett et al., 1975; Moore et al.; 
Mukhtar et al., 1999; Pieters et al., 1999; Powers et al., 1995). Moore et al. 
evaluated the performance of sedimentation for dairy and swine manures with 
influent concentrations of 1.0, 0.1, and 0.01 % TS with settling times of 1, 10, 100, 
and 1,000 minutes. For dairy manure the TS removed was 50, 50, and 44% and 70, 
67, and 62% for 1 and 1,000 minutes at 1.0, 0.1, and 0.01% influent TS, 
respectively. Most of the dairy solids were removed in the first 10 minutes with TS 
removal of 64, 61, and 51%, respectively. With swine manure the TS removed was 
52, 44, and 36% and 70, 68, and 59% for 1 and 1,000 minutes at 1.0 0.1 and 0.01% 
influent TS, respectively. Again, like dairy manure, the majority of the swine solids 
were removed within the first 10 minutes of settling, with removal of 62, 55, and 
45%, respectively. Mukhtar et al. reported %TS removal as high as 64% for waste 
from concrete swine feedlot (1999). Pieters et al., reported that for swine manures 
below 5% TS, sedimentation was a more effective separation technique (1999) and 
Powers et al. (1995), found that sedimentation captured 64 versus 24% TS for 
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screening (1995). Burcham et al. (1997) found that sedimentation was effective 
removing sand from a dairy waste stream. 
The following is a brief discussion of the various mechanical separation 
techniques in use. Figure 1 shows the range of influent % dry matter (DM) for 
various separation technologies and the %TS removed for dairy manure. 
Information for this chart was derived from information collected by Ford and 
Fleming (2002). Figure 2 shows the range of influent % dry matter (DM) for various 
separation technologies and the %TS removed for swine manure. The figures are 
intended to allow the reader to compare commonly used liquid-solid separation 
technologies. Detailed information for other newly implemented technologies, such 
as reverse osmosis or micro filtration, is just becoming more readily available and 
not presented in the figures. 
Stationary screens use the relatively low velocity between manure and the 
screen caused by gravity to assist in liquid-solid separation, while vibrating or 
rotating screens use continuous motion to assist separation. One advantage of 
screens is their low maintenance and power requirements. Centrifuges (vertical or 
horizontal) use centrifugal forces to enhance separation. One disadvantage of 
centrifuges is their high power and maintenance requirements. Screens and 
centrifuges are used for primary separation, while other unit operations like presses 
are used to further dewater solids from primary separation unit operations. Presses 
operate on the principle of squeezing manure between a roller or screw against an 
opposing screen or porous belt (Ford and Fleming, 2002). 
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This research focuses on filtration, in which granular media filters are used to 
remove suspended and colloidal solids. Mechanisms for particle removal during 
filtration include straining, sedimentation, flocculation, interception, impaction, 
adsorption, and adhesion (Metcalf and Eddy, 1991; Viessman and Hammer, 1993). 
When the diameter of the particle is larger than the pore opening and the particle is 
captured, straining has occurred. Sedimentation happens as the fluid flows 
downward through the filter and gravitational effects cause particles to settle 
vertically through the flow lines onto filter media. If the radius of the particle is 
greater than the space between the flow line containing the particle and the filter 
media particle then the particle will contact the filter media as it passes by and be 
captured. This is called interception. Impaction occurs when a flow line changes in 
a manner such that the particle in the flow line is unable to change direction because 
of the particle's inertia and the particle "impacts" a collection surface (Rushton et al., 
2000). Adhesion takes place as flocculant particles adhere to the media surface as 
the particles flow by and the force of the flowing fluid may shear the particles from 
the media surface, forcing them deeper into the filter. Adsorption, either chemical or 
physical, occurs as a chemical, bonding, electrostatic, electrokinetic, or van der 
Waals force causes the particle to become attached to the filter media. Flocculation 
occurs as large particles overtake small particles and form even larger particles, 
which then are removed by one of the previously mentioned mechanisms. Finally, 
biological growth within the filter can reduce pore size and increase the removal of 
particles by the previously mentioned mechanisms (Metcalf and Eddy, 1991). 
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Several additional factors affect the performance of granular media filters. 
These factors include items such as media depth, particle size distribution, mineral 
composition of the filter media, wastewater pretreatment, hydraulic/organic loading 
rates, temperature, and dosing technique (Anderson et al., 1985; Metcalf and Eddy, 
1991; Widrig et al., 1996). Widrig et al. (1996) notes that all of these factors are 
interrelated and it's difficult to determine or simulate the influence of any one of 
these variables on the filtration process. 
For example, Cooper and Sumner found that airflow pressure drop increases 
as the density of the biomass material is increased (1985). As the biomass density 
increased the pore volume and spacing will decrease, which enhances the chances 
that particles will be captured by straining, interception, impaction, or by adhesion. 
Cooper and Sumner (1995) and Farmer et al. (1981) both note that, using two 
different particle sizes from the same plant material, the one with the smaller particle 
size will have a higher pressure drop, which in filtering will increase the chances 
particles will be trapped on the surface of or within the filter, especially by straining. 
Particles passing through a filter will take a path that is longer than the straight line 
path through the filter. The factor that corrects for this, tortuosity, typically ranges in 
value from 1.5 to 5.0 (Geankoplis, 1978). The longer path the particle takes as it 
travels through the filter increases the chances that it will be captured by impaction. 
For adhesion the surface area to volume ratio of the biomaterial will be an 
important factor to consider. Conventional granular (i.e. sand) filters, due to the 
medium being graded or screened, tend to be more consistent in size as compared 
to ungraded biomaterial filters, consisting of chopped or whole material. The natural 
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size inconsistency found with biomaterials creates surface area to volume ratios 
which will vary from filter to filter and affect how well particles are trapped by 
adhesion. Bulk density of the material will also affect the surface area to volume 
ratio, which will decrease as the material bulk density is increased. The increase in 
material bulk density will make it harder to capture particles since the ratio of total 
area of exposed media to volume of filter media available for particle capture will be 
less than for a less tightly packed filter media. Biomaterial surface structure and 
chemistry can also affect the adhesion of particles to the filter media. The rough 
surface texture of biomaterials, like wood shavings, enables particles to become 
attached to the filter media through adhesion. Surface chemistry does not impact 
adhesion as much as it impacts adsorption, as discussed in the next paragraph. 
Adsorption, noted by Chen (1997), is an important particle capture 
mechanism for deep bed filtration. Particles smaller than pore openings can be 
captured but the removal efficiency can not reach 100%. Deep bed filters will have 
difficulty handling high solid concentrations since the filters may plug quickly and 
particles will not be able to penetrate the filter. Adsorption can occur through 
physical processes or through chemisorption. Forces like van der Waals, are called 
physical adsorption forces and are different than chemisorption (Dullien, 1992). 
Chemisorption is more important with vapor and liquid substances since equilibrium 
can be quickly reached with vapors and liquids as compared to solids. 
The influence of the previously mentioned particle capture mechanisms can 
be, directly or indirectly, determined from measured characteristics of the filter 
media. Properties like porosity, permeability, particle size and distribution, and bulk 
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density, can provide information on what capture mechanisms will be dominant. Air-
filled porosity is the fraction of the material that is air and total porosity includes air 
and liquid fractions (expressed as a percentage). Porosity can be theoretically 
calculated using the following equation (Van Ginkel et. al., 1999; Richard, et. al., 
2002), where organic matter (OM) and dry matter (DM) and densities of water (p*; 
1,000 kg/nf), organic matter (pom: 1,600 kg/nf), and ash (past,: 2,500 kg/nf) and 
total bulk density are known. 
f  r (i-DM)i 
+ + 
V V A* / \ 
(1) 
Permeability or hydraulic conductivity measures the ability of a fluid to flow 
through a multi-phased material. Darcy's law, for laminar flow, is used to determine 
the permeability (Lynch and Cherry, 1996). 
AT V = 
M  dx 
(2) 
Where P = pressure, x = matrix distance, v = superficial velocity, p, = viscosity, 
and K = permeability. Another equation, taking into account size of particles making 
up a medium is from Kozeny (1927). 
r = (3) 
Where e = porosity, S* = specific surface area per unit volume of particles, and K is 
the Kozeny constant, which takes the value of 5 for fixed beds (Rushton, et. al., 
2000). Substituting equation (3) into equation (2) yields the Kozeny-Carmen 
equation noted. 
AP  
T = " 
r 5 { l - « ) 2 S , 2  q  ( 4 )  
^ y 
Where AP = pressure differential, L = bed or cake thickness, q = filtrate flow rate, 
and A = filter area. Furthermore, particle size and distribution and bulk density 
influence particle capture but also affect porosity and permeability, factors that also 
determine particle capture. For example, materials with high porosities would tend 
to capture particles through interception, impaction, and adhesion. As the porosity 
of the material is decreased straining becomes more important since the pore space 
becomes smaller and captures more particles. If the pore space is too small then 
particles can not migrate into the filter, thus creating the surface filtration 
phenomena. As with porosity, materials with high permeabilities would tend to 
capture particles by interception, impaction, and adhesion. Straining would come 
more important as permeability is decreased. Manipulating other factors like bulk 
density or particle size and distribution would have the same effects since these 
factors are important in determining a material's porosity and permeability. 
Liquid-solid separation is generally difficult for animal waste, especially swine 
manure, since it tends to be slimy, very nonhomogeneous, corrosive, abrasive, and 
is made up of primarily small particles (Zhang, 2000). The study by Zhang explored 
the use of biomaterials such as oat straw, soybean straw, com stover, and corncobs 
as filter materials, selected mainly due to their availability in the Midwest. The 
materials were packed in specific orientations (vertical or random), depth (10 or 30 
cm), and density (0.1 to 0.35 g/cnf ) before filtration, and removal efficiency was 
determined based on %TS removal. In their studies, they found that oat straw, com 
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stover, and soybean straw were most effective for solids removal (24.5 to 42.2% 
removal), while corncobs, either in whole or ground form, were ineffective. At the 
present time this is the only study done in the United States clearly using 
biomaterials for liquid-solid separation of animal manure. 
Studies in Brazil by Brandao, et al. (2000), Brandao, et al. (2003), and De 
Matos (2002) examined the amount of nutrient (N-total, P, K, Ca, Mg, and Zn) and 
settle-able and total solids removal using rice husks, coffee straw (bean skins), 
sugarcane trash or bagasse, triturate corncob, wood sawdust, and fine vegetable 
coal (charcoal dust) for the filter media. The purpose of these studies was to see if 
were possible to use biomaterials to filter swine wastewater before irrigation 
application. Filter media was sieved through a 2 mm mesh and packed in a column 
to a depth of 50 cm with densities ranging from 0.1 to 0.34 g/cm^, essentially 
simulating compaction by a human weighing 70 kg. The study found that settle-able 
solids were removed at a rate higher than 90%, while the total solids removal was 
less than 33%. The Brandao study results correlates fairly well with the study of 
Zhang and Lorimor when the TS removals are compared. 
Another study worth noting was performed by Samkutty and Gough (2002), 
used organic and inorganic materials in the investigation of dairy processing waste 
water filtration. The materials used were zeolite, crushed coral, charcoal, sand/glass 
beads (6 mm diameter beads), and sand/coral combination. These materials were 
packed into 2.8 cm diameter columns to a depth of 22 cm. Columns were packed 
with one or two materials. The dual material columns were packed with 11 cm of 
each material, with the order of packing not clearly reported. TS removal ranged 
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from 30% for the zeolite to 51% for the sand/glass bead and sand/coral combination. 
Table 1 summarizes the results for each of the previously mentioned studies. 
The dual complexity of characterizing biomaterial filter media and manure 
properties is more difficult as compared to more conventional systems, like sand 
filtration of municipal wastewaters. Conventional liquid-solid separation technologies 
exhibit wide range performance characteristics when used with animal manures. As 
a result, it has been difficult for researchers to quantify liquid-solid separation of 
animal manures and relate performance to system properties. 
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Figure 1. Dry matter contents of influent dairy manure solids and total solids 
removed for different types of separators (Ford and Fleming, 2002) 
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Figure 2. Dry matter contents of influent swine manure solids and total solids 
removed for different types of separators (Ford and Fleming, 2002) 
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Table 1. Summary of previous studies using organic anc related materials for filters 
Material Manure 
Type 
Depth 
(cm) 
Density 
(g/cm*) 
Influent 
% DM 
%TS 
Removed 
Rice husk 
Swine 50 
0.15 
5.5 
34.4 
Coffee straw 0.21 29.0 
Sugarcane trash 0.10 40.1 
Triturated corncob 0.34 39.9 
Wood sawdust 0.12 43.6 
Fine vegetable coal 0.34 33.1 
Source: Brandao et. al., 2000 
Oat Straw2 
Swine 
30 0.014 
4.1 
37.8 
30 0.017 42.2 
30 0.020 38.7 
30 0.024 40.7 
10 0.024 
3.9 
30.6 
10 0.028 37.6 
10 0.033 39.4 
Soybean Straw2 
30 0.024 29.9 
30 0.031 24.5 
30 0.037 25.2 
Corn Stover2 
30 0.028 
4.1 
28.9 
30 0.037 37.2 
30 0.043 40.9 
Corncobs2 3 
4 0.168 3.6 2.6 
8 0.198 4.3 6.2 
4 0.330 3.6 14.3 
Ground Corncobs 
1 0.305 
4.3 
14.3 
1.5 0.236 21.4 
3 0.352 23.2 
Source: Zhang, 2000 
Zeolite 
Dairy 
Plant 
WW 
22 n/a 1.2 
30 
Crushed Coral 39 
Charcoal 46 
Sand/glass beads 51 
Sand/coral 51 
Source: Samkutty and Gough, 2002 
Orientation of material (assumed to be random) not clearly noted in sources except for Zhang, 2000 
''Vertical orientation of biomaterial 
^Random orientation of biomaterial 
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CHAPTER 2. EFFECTIVENESS OF SOLIDS REMOVAL FROM 
LIQUID SWINE AND DAIRY MANURES USING BIOMATERIAL 
FILTRATION 
A paper to be submitted to the Transactions of the ASAE 
Abstract 
An experimental investigation was conducted to determine the importance of 
manure type; influent total solids mass concentration, filter material, and filter 
material density, in the performance of liquid-solid separation of liquid dairy and 
swine manure. Filtration characteristics, like total solids mass removal, ratio of 
manure filter to filter media area, and filtration run times, were examined. Filter 
performance depended heavily on manure type, with dairy manure having the 
highest separation efficiencies, at times, approaching 80%. Both biomaterials, com 
stover and wood shavings, were effective filter materials. Manures with higher solids 
content, 2.75 and 5%, tended to plug much sooner. Surface or cake filtration 
seemed to be the driving mechanism for separation. 
Introduction 
Over time the livestock industry in the United States has shifted more towards 
confinement production methods on an increasing scale. This shift has brought 
more attention to the environmental issues related to livestock production. These 
issues include air pollution, with the release of odors, noxious gases, and diseases, 
to water pollution concern dealing with release of excess nutrients, hormones, or 
antibiotics to the environment. Liquid-solid separation is a process that, in an overall 
treatment train, can help mitigate these concerns. Separation creates a solid 
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fraction that can be recycled as bedding, composted, or directly land applied for 
treatment. The resultant liquid fraction is now easier to handle with pumping 
systems, has a lower odor potential, and a decreased nutrient and solids load with 
the solids removed. 
Separation methods either involve sedimentation or some sort of mechanical 
means, which base separation on differences in particle size and density. Many of 
the separation processes developed for human waste have been tried in animal 
waste systems, but with less success. Lack of success is due to the cost and the 
level of management required for these systems. Influenced by these criteria, 
settling basins/lagoons and separation by screw presses and screens are the most 
common liquid-solid separation systems in use today. Settling basins/lagoons, in 
many cases, also serve a dual purpose as a long-term storage for the manure. 
Liquid-solid separation of animal manures tends to be difficult due to its 
characteristics: small particle size, nonhomogeneity, slimy, corrosive, and abrasive 
nature (Zhang and Lorimor, 2000). The animal species from which the manure is 
derived also determines the ease of separation, with swine manures being more 
difficult to separate compared to beef or dairy manures. Moore et al., achieved total 
solids removal, with sedimentation, as high as 64 and 70% for swine and dairy 
manures, respectively. Moller, et al. (1999) and Zhang and Westerman (1997), 
reported a range of efficiencies for total solids removal from 3 to 75%, most being 
under 50%, for various mechanical separation means. 
Biomaterial filtration, using readily available materials like com stover, offers a 
potentially desirable way to remove solids from animal manures. Zhang (2000) 
found removal efficiencies ranging from 2.6 to 42.2% for four different biomaterials. 
Brandao, et al., (2000) found settle-able solids removal of less than 33% for six 
different biomaterials. This study investigates how parameters like manure type, 
influent total solids mass, biomaterial type, and filter media density affect the 
performance of biomaterial filters. 
Materials and Methods 
The materials and methods used in this investigation were adapted from 
techniques developed by Zhang and Lorimor (2000) in their biofiltration research. 
Modifications were made to accommodate the additional parameters that were 
measured and observed in this investigation. A 25.0 cm diameter clear acrylic tube 
was used to enclose the biofilter materials between two expanded metal screens 
(opening size approximately 1.0 cm), which were small enough to prevent filter 
material loss but large enough to not contribute significantly to the filter process. 
Additional mesh, with openings approximately 3 mm, was attached to the bottom 
screen to prevent filter material fines from escaping. The screens were placed 10.0 
cm apart, with the filter material randomly packed to the appropriate density between 
the screens. Densities used were 1.0*in-place (uncompacted), 1.33*in-place, and 
1.67*in-place, with in-place densities of 0.06 g/crrf for com stover and 0.16 g/crrf for 
wood shavings. For the intermediate density the material was loaded in two lifts and 
gently compacted with a three-pronged fork. The same compacting procedure was 
followed for the highest density except that the material was loaded in three lifts. 
Figure 3 depicts the general set up for the filter mechanism. 
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Two biomaterials, com stover and wood shavings, were used in this study. 
Com stover was collected from large, rectangular bales harvested the previous fall 
and chopped with modified feed grinder (feedchute removed and bottom removed to 
enhance stover removal). Two batches of wood shavings, aspen and pine, were 
obtained from Sho-Dust, in Randall, IA. Before any measurements or filter runs 
were conducted, the two batches of materials were uniformly mixed together. 
Pictures of the biomaterials are provided in figure 4. A sieving analysis was used to 
determine particle size distribution and a porosity test (five gallon pail method) was 
performed to estimate filter void space for each filter material. For the sieving 
analysis a set amount of material was passed through a set of sieves, with the 
amount of material left on the sieve weighed and the results plotted (Figure 4) (Nix 
and Taylor, 2003). To determine void space, the volume of a five gallon pail was 
measured to a "full-line", media placed in three lifts and compacted after each lift by 
dropping the bucket ten times from a height of 15 cm, and media was added to refill 
the pail to the "full-line". The material also was weighed as it was being put in the 
pail, enabling bulk density (g/cm^) to be calculated since the volume being filled was 
also known. Water was added until it reached the "full-line" and its volume was 
recorded. Percent voids were determined by the following equation from Nicolai and 
Janni (2001). Three replicates were run for each measurement. 
Percent voids = (Volume of water/Volume to Full Line) x 100 
Both of these methods are simplistic but allowed initial characterization of the 
biomaterials to be built, as shown in table 2, along with bulk density and moisture 
content measurements. 
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Dairy and swine manure were collected fresh from the Iowa State University 
Ankeny Dairy Research Farm and from the Bilsland Swine Research Farm, 
respectively. Both farms are located in central Iowa and were selected because of 
the relatively high solids content of the manure, which was diluted to simulate 
manure of different TS concentrations. Dairy manure was collected from scrapped 
alleys and contained manure, bits of straw, and sand/grit material, while the swine 
manure was collected from an under floor pit. The raw dairy and swine manure had 
TS concentrations of approximately 25 and 8%, respectively, and bulk densities of 
1.12 g/cnf and 0.99 g/cnf, respectively, at collection. The manure was diluted to 
0.5, 2.75, and 5% TS daily before a set of experiments occurred. Every 5-6 days the 
raw manure was removed from cool, dark room and the TS was checked and 
manure quantities used for dilution were readjusted, if need be. Zhu, et. al. (2000) 
found that during the first 10 days of storage in a dark room between 18 and 22°C, 
liquefaction and breakdown of TS by microbes did not proceed at an appreciable 
rate. 
For testing, 4.0 liters of liquid manure was poured into the 25.4 cm diameter 
standpipe, with time being recorded. Manure was gently mixed in the bucket before 
pouring over the filter to prevent the sedimentation of solid particles. The manure 
was poured onto an approximately 6 cm long piece of channel iron, which dissipated 
the force of manure. The expanded metal mesh on top of the filter also helped 
contain the filter material in-place. For comparison to Zhang's (2000) research, 4.0 
liter increments were used since this approximates Zhang's 1.0 gallon filtrate 
increments (4.0 liters = 1.06 gallons). Additional manure volumes (4.0 liter 
increments) were added until the filter plugged. Plugging was operationally defined 
as (1 ) the first 4.0 liter increment to surpass 10 minutes in filter time or (2) the first 
4.0 liter increment to take longer than 20 minutes to filter. This criteria was set up to 
handle, for example, the situation where one increment would take 9.0 minutes to 
filter but the next increment would take 2.0 hours to filter. The criteria were setup to 
enable a reasonable cut-off point to cease filtering. When filter runs were complete, 
the filtrate volumes were measured with graduated cylinders. From each of the 
filtrate pails, two subsamples were taken for TS analysis. The filtrate pails were 
gently mixed and the samples for TS were extracted at a point half-way from the 
center to the edge of the pail while mixing. TS measurements followed the 
procedures laid out in the Standard Methods for Water and Wastewater Analysis 
(APHA, 1992). Using the TS mass contents of the influent and effluent, the mass 
separation efficiency was calculated as the difference between the influent and 
effluent TS % divided by the influent TS % and multiplied by 100. 
The experiments were set up as a completely randomized design (CRD), with 
each treatment replicated three times. Statistical Analysis Software was used for the 
statistical analysis of the data (SAS, 1990). Comparison between treatments was 
made using analysis of variance (ANOVA), with the level of significance established 
at p<0.05, unless otherwise stated. 
Results and Discussion 
General properties for the two filter materials are shown in figure 5 and listed 
in tables 2 and 3. Figure 5 shows the particle size distribution for the two 
biomaterials, with standard error bars showing the deviation for the average of the 
three sieves for each material. Based on the error bars, there much more variability 
in the size fractions for com stover compared to wood shavings. This indicates that 
com stover pieces were much more irregular in size and shape than wood shavings. 
Porosity and permeability will be affected by this irregularity in size and shape. 
Tables 2 and 3 depict the moisture, bulk density, volatile solids, and porosity 
measurements. Data in table 2 was collected in the beginning of the experiment to 
establish baseline or initial values. Table 3 data was collected at the end of the 
experiments. Moisture contents did decrease from the beginning to the end of the 
experiment even though the bags were sealed most of the time. Moisture would 
evaporate out of the material and condense on the inner surface of the bag, thus 
contributing to the drying out of the material. The initial bulk densities for testing are 
in table 3 were established based on undisturbed densities and in table 2. 
Calculated porosities, from table 3, ranged from 96.33% for the com stover (density 
= 54 kg/nf) to 79.23% for wood shavings (density = 197 kg/nf). These porosities 
were calculated based on equation 1, which utilizes moisture content, dry matter, 
and bulk density of the materials, and has been shown to be very accurate for a 
range of biological materials (Richard et al., 2002; Richard et al., 2004). Porosity 
does decrease, approximately 1 % and 2% increments for com stover and wood 
shavings, as the filter media density increase from 1.0 to 1.33 and 1.67*in-place 
densities. Porosities and uncompacted bulk densities in table 3 matched up fairly 
well with values for the same materials as measured by Ahn et al. (2004). Table 4 
summarizes the results of the of the biomaterial filter in terms of TS % mass removal 
efficiency and ratio of manure mass removed compared to filter depth, area, volume, 
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and filter material mass. Table 5 summarizes the results of the of the biomaterial 
filter in terms of TS % mass removal efficiency and ratio of manure volume removed 
compared to filter depth, area, volume, and filter material mass. Dairy and swine 
manures were applied at initial TS rates of 0.5, 2.75, and 5.0% on com stover and 
wood shaving filters, with densities of 1.0,1.33, and 1.67 times in-place 
(uncompacted) density. 
Overall, dairy manure had a much higher %TS removal, on the order of 60-
80% versus 35-57% for swine manure. Dairy manure used in this study had more 
grit (sand) and straw material, which was much easier to remove than the relatively 
fine solids in the swine manure (from a liquid handling system). With a closer 
examination of the initial % TS for both swine and dairy manures, it is evident that 
the 0.5% TS had lower removal efficiencies than the 2.75 and 5.0% TS influent 
mass concentrations. The thicker manures tended to plug the filter sooner, many 
times within the first 4-8 liters of applied manure. Also the TS removal efficiencies 
were rather high, especially in the second increment of 4 liters of applied manure. 
This is probably due to the manure from the first 4 liter increment acting as the true 
filter (surface filtration). 
In regards to filter material, wood shavings were better than com stover at 
removing total solids. Wood shavings, as discussed in the materials 
characterization, were a more homogeneous material, with smaller, more 
consistently sized particles, which enhanced filtration when compared with the very 
heterogeneous com stover. Filter media density did not give clear or consistent 
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improvement in total solids removal efficiency. In some trials, as the density 
increased removal of TS increased, but in other trials the reverse occurred. 
Ratios for the manure mass filtered (L) to filter media depth (kg) 
(MMF/FD ratio), to filter area (nf) (MMF/FA ratio), to filter volume (m^) (MMF/FV 
ratio), and to filter media mass (kg) (MMF/FM ratio) are shown in table 4. These 
parameters will be particularly useful for eventual design of larger scale biomaterial 
filtering systems by allowing the engineer to estimate quantities, mass and volume, 
of filter media that will be necessary and the performance of the filter based on the 
filter material. The MMF/FD ratio was not particularly useful in this study since most 
of the filtration occurred at the surface of the filter so depth was not an important 
factor. Com stover had some the highest mass removals per area, with mass 
removal approaching 500 kg/rrf. Similar phenomena also occurred with manure 
mass removed per filter area and per filter mass, with com stover again having high 
removals. These results indicate that it is also important to consider performance of 
a filter in relation to the previously mentioned ratios and not just the overall total 
solids mass removal efficiency. 
Ratios for the manure volume filtered (in liters) to filter media depth (kg) 
(MVF/MD ratio), to filter area (nf) (MVF/FA ratio), to filter volume (rrf) (MVF/FV 
ratio), and to filter media mass (kg) (MVF/FM ratio) are shown in table 5. As with 
%TS mass removal efficiency, the MVF/FM ratio followed similar trends. When 
compared to Zhang (2000), the values in table 5 for the MVF/FM ratio were 
comparable, for swine manure, to the values derived by Zhang. This study did 
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obtain values for MVF/FM ratio that were below those for Zhang, especially for 
manures with high influent TS filtering through the densest filter media. 
Figures 6 through 29 show the %TS mass removed and the filtration duration 
(sec) per i^ volume of manure (4.0 liters) filtered. Depending on the %TS of the 
influent and the filter material and material density, for some of the trials the i* 
volume was not 4.0 liters. For example, trials with wood shaving, the first volume 
was less than 4.0 liters because the wood shavings were very good at absorbing 
liquid. Also in some of the trials, the filtering was stopped after 1,200 seconds (20 
minutes) and the volume filtered was measured, which in many cases, filtered 
volumes less than 4.0 liters. Table 6 shows more information concerning the 
average volumes filtered for first and last i* applied manure volume along with the 
total manure volume filter for the trial. Trials with initial % TS of 0.5%, for both dairy 
and swine manures, tended to have the most volume filtered, lowest removal 
percentages, and shortest run times per volume of filtrate. Many of the 2.75 and 
5.0% TS runs tended to plug after one or two filtrate volumes. It is interesting to 
note that filter rate for 0.5% TS was approximately 4-6 filter volumes, while for 2.75% 
TS it was 2-3 filter volumes and 5.0% TS it was 1 -2 filter volumes. This indicates 
that after a certain mass of manure is applied the filter will plug, possibly showing 
that the manure is sealing the surface of the filter, thus causing surface filtration. It 
also indicates that filter material properties, such as porosity and permeability, have 
little effect except to determine how fast the manure seals the surface of the filter. 
Analysis of variance for %TS mass removal efficiency, contained in table 7, 
shows a significant difference between the two manure types (dairy and swine), 
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three influent %TS mass concentrations (0.5, 2.75, and 5.0%), and two filter 
materials (com stover and wood shavings) (p > F =0.00). There were several two-
level interactions that need further investigation between manure type - influent total 
solids, manure type - filter material, manure type - filter material density, and 
influent total solids - filter material density. 
Table 8 and figure 30 depict the interaction between manure type and the 
influent %TS mass. There was a large difference between the dairy and swine 
manure TS % removal means (71.52% versus 44.80%). This illustrates that the 
characteristics of the manure are important in determining %TS removal. Dairy 
manure had large quantities of straw and grit (sand), which were easily removed by 
the biomaterial filter, whereas the swine manure, consisting of smaller particles and 
not containing straw or grit material, was harder to filter (remove TS). The greatest 
difference in means for %TS removal for influent total solids occurred between the 
0.5 and 2.75% trials, while the means for 2.75 and 5.0% influent total solids 
remained virtually the same. At some point, between 0.5% and 2.75% influent total 
solids, increasing influent TS does not appreciably increase filterability of the 
manure. This indicates that manure with high %TS (> 2.75%), the primary filter 
agent will be the manure and not the filter media, which in this case would be acting 
as a support media for the manure. 
Table 9 depicts the interaction of the means between manure type and the 
filter material type. As discussed before, the manure type had a great effect on % 
TS removal efficiency. A difference did exist between the filter materials, with com 
stover %TS removal of 54.60% and wood shavings removal of 61.72%. This is 
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partially attributed to the porosity difference between the two materials, based on 
table 3, the average porosity for com stover was close to 0.95 and for wood 
shavings it was 0.90. Due to the loosely packed structure of the com stover, manure 
was able to penetrate deeper into the media and pass through, thus the lower %TS 
removal. On the other hand, wood shavings were more tightly packed so the 
manure was able to seal the surface quickly and act as the filter, leading to a higher 
%TS removal. 
Table 10 and figure 31 show the interaction between the means of manure 
type and filter material density. As with previous interactions, there was a strong 
difference between the means for swine and dairy manure. The means ranged from 
57.16% for 1.0 * uncompacted to 59.21% for 1.67 * uncompacted filter media 
density. Since this difference is very small (-2%), this indicates that the two factor 
interaction effect between manure type and filter density was weak. 
Table 11 and figure 32 depicts the factorial interaction between % influent TS 
and the density of the filter material. The differences between the filter material 
densities were very small, on the order of 1.0% TS, while the means for 0.5 % 
influent TS was 52.79% TS removal and 60.49 and 61.20% TS removal efficiency 
for the 2.75 and 5.0% influent TS, respectively. This shows that filter media 
properties, like density, does not have a great effect on improving %TS mass 
removal. On the other hand, % influent TS does have an effect, especially below 
2.75%, since the difference in removal between 0.5% and 2.75% influent TS was 
approximately 8%. Since % influent TS is a property of the manure, this strengthens 
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the case that manure properties are more important than the properties of the filter 
media itself. 
Analysis of variance for manure volume filtered, contained in table 12, shows 
a significant difference between the two manure types (dairy and swine), three 
influent %TS mass concentrations (0.5, 2.75, and 5.0%), and two filter materais 
(com stover and wood shavings) (p > F =0.00). There were several two-level 
interactions that need further investigation between filter materials - influent total 
solids mass % and filter material density - influent total solids mass %. 
Table 13 and figure 33 show the interaction between the means of filter 
materials and influent solids mass %. The table indicates that there is an interaction 
between the filter material and % initial total solids with the difference at 0.5% TS 
being 8.59 to 2.65 at 5.0% influent solids. Table 14 and figure 34 show the 
interaction between the means of filter material density and influent solids mass %. 
As with the interaction with filter materials - influent solids mass %, the filter material 
and influent solids mass % interaction was strong. The largest differences occurred 
between the 0.5 and 2.75% influent total solids trials, with differences as large as 
20.97%. The thicker manures tended to seal the filter surface sooner and the lower 
porosity, higher density, and smaller particle size distribution of the wood shavings 
enhanced these phenomena. So the volume of manure that can be filtered is 
affected by these interactions. 
Overall, manure type and % influent TS affected the total solids mass removal 
efficiency the most. Properties of the filter media, such as media type and density, 
had relatively minor impact on total solids mass removal efficiency. The capacity of 
the filter, for example, the volume of manure it could filter, was strongly dependent 
on the initial total solids content of the manure, with 0.5% influent TS having the 
highest volumes filtered. This will be an important item to consider when designing 
a biomaterial filter system so the appropriate balance is struck between filtering 
capacity and total solids mass removal efficiency. 
Reviewing all of the information of this study it is interesting to note that 
manure type was the most important parameter in determining the % TS mass 
removal efficiency. This was illustrated by the large difference in the % TS mass 
removal between the dairy and swine manure. It was also illustrated to a lesser 
degree by the %TS mass removal efficiency differences between the three different 
influent %TS masses. Dairy manure contained extra grit and straw material from 
animal resting areas, which made the manure more heterogeneous and thus easier 
to filter. The swine manure, on the other hand, can from a liquid handling system, 
where there was little extraneous material in the manure such as grit or straw. 
There was some other extra material in the manure, like waste feed, but this was a 
small volume and did not assist in the filtering process. 
In regards to the properties of the filter media, it appears that this does not 
have a great effect on %TS mass removal but affects volume of manure filtered 
before plugging occurs. There were small differences in %TS removal based on 
material type and density, but they were small compared to the differences for 
manure type and characteristics (% influent TS). This indicates that the filter media 
was mainly acting as a support for the manure and to initiate manure buildup on the 
filter media surface. Once the manure started building up on the surface of the filter, 
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the primary filter became the manure itself. The primary mechanism initially driving 
filtration was sedimentation, where the manure particles were settling out on the 
surface or just inside the media and forming the base "cake". Straining also occurs 
in conjunction with sedimentation as some of the larger particles plugged up smaller 
openings in the filter media. This occurred more rapidly with wood shavings since 
the shavings had smaller, more consistent particle sizes. Once the "cake" was 
formed, straining and sedimentation still occurred but other filtration mechanisms, 
such as interception and impaction, also became trapping mechanisms. No matter 
the trapping mechanism, it important to emphasize that particle filtration is not 
predominately occurring within the filter media but instead at the surface of the 
manure cake. 
Conclusions 
The following conclusions can be drawn based on the results of this liquid/solid 
separation study. 
1. Manure type, filter material type, and the density of the filter material affected 
separation efficiency, with manure type being the most important factor. The 
same factors affected manure volume filtered except for manure type. 
2. The interactions of manure type with filter material and filter material density 
were important in determining separation efficiency. 
3. The interactions of % influent total solids with filter material and density were 
important in determining volume of manure that can be filtered. 
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4. Initial TS% of applied manure did have some impact on separation efficiency, 
especially at 0.5% initial total solids but not as much as has been reported in 
previous studies. 
5. Manure tends to precipitate on top of the filter and then displace the com 
stover or wood shavings as the filter material (surface filtration). 
6. There is a clear tradeoff between TS separation efficiency and quantity of 
liquid that can be passed through the filter. 
Summarizing, biomaterials can be used as a filter for liquid/solid separation of 
manure under carefully selected circumstances. These circumstances will depend 
on the manure characteristics, biomaterials available, desire to compost the solid 
filter fraction, and the ability to maintain a long filter run-time. Further trials are 
warranted to determine details for design and operation of biomaterial filters. 
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Figure 3. Side (top) and top (bottom) views of the filter with filter material installed. 
• 
Figure 4. Filter material samples com stover (top) and wood shavings (bottom). 
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Figure 5. Particle size distribution graph for the com stover and wood shavings filter 
material. 
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Figure 6. % TS mass removal efficiency per i* volume of 0.5% influent TS dairy 
manure over three com stover filter densities. 
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Figure 7. Filtration duration (sec) per i* volume of 0.5% influent TS dairy manure 
over three com stover filter densities. 
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Figure 8. % TS mass removal efficiency per i* volume of 2.75% influent TS dairy 
manure over three com stover filter densities. 
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Figure 9. Filtration duration (sec) per i* volume of 2.75% influent TS dairy manure 
over three com stover filter densities. 
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Figure 10. % TS mass removal efficiency per i^ volume of 5.0% influent TS dairy 
manure over three com stover filter densities. 
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Figure 11. Filtration duration (sec) per i* volume of 5.0% influent TS dairy manure 
over three com stover filter densities. 
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Figure 12. % TS mass removal efficiency per i* volume of 0.5% influent TS dairy 
manure over three wood shaving filter densities. 
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Figure 13. Filtration duration (sec) per i^ volume of 0.5% influent TS dairy manure 
over three wood shaving filter densities. 
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Figure 14. % TS mass removal efficiency per i* volume of 2.75% influent TS dairy 
manure over three wood shaving filter densities. 
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Figure 15. Filtration duration (sec) per i* volume of 2.75% influent TS dairy manure 
over three wood shaving filter densities. 
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Figure 16. % TS mass removal efficiency per i^ volume of 5.0% influent TS dairy 
manure over three wood shaving filter densities. 
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Figure 17. 
over three 
Filtration duration (sec) per i* volume of 5.0% influent TS dairy manure 
wood shaving filter densities. 
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Figure 18. % TS mass removal efficiency per i* volume of 0.5% influent TS swine 
manure over three com stover filter densities. 
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Figure 19. Filtration duration (sec) per i* volume of 0.5% influent TS swine manure 
over three com stover filter densities. 
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Figure 20. % TS mass removal efficiency per i* volume of 2.75% influent TS swine 
manure over three com stover filter densities. 
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Figure 21. Filtration duration (sec) per i* volume of 2.75% influent TS swine manure 
over three com stover filter densities. 
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Figure 22. % TS mass removal efficiency per i* volume of 5.0% influent TS swine 
manure over three com stover filter densities. 
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Figure 23. Filtration duration (sec) per i^ volume of 5.0% influent TS swine manure 
over three com stover filter densities. 
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Figure 24. % TS mass removal efficiency per i* volume of 0.5% influent TS swine 
manure over three wood shaving filter densities. 
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Figure 25. Filtration duration (sec) per i^ volume of 0.5% influent TS swine manure 
over three wood shaving filter densities. 
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Figure 26. % TS mass removal efficiency per i* volume of 2.75% influent TS swine 
manure over three wood shaving filter densities. 
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Figure 27. Filtration duration (sec) per i* volume of 2.75% influent TS swine manure 
over three wood shaving filter densities. 
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Figure 28. % TS mass removal efficiency per i* volume of 5.0% influent TS swine 
manure over three wood shaving filter densities. 
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Figure 29. Filtration duration (sec) per i* volume of 5.0% influent TS swine manure 
over three wood shaving filter densities. 
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Figure 31. Total solids removal means for manure type versus filter material density. 
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density. 
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Table 2. 
Means (Standard Deviations) 
Filter Material Moisture Content 
(8/9) 
Bulk Density 
(g/cm*) 
Porosity 
(cm^/cnf) 
Corn Stover 
Wood Shavings 
0.2581 (±0.0893) 
0.1116 (±0.0286) 
0.0583 (±0.0082) 
0.1604 (±0.0433) 
0.8129 (±0.0160) 
0.7863 (±0.0548) 
Table 3. Estimated porosities for the three levels of compaction. 
Material Moisture Content (o/g) Volatile Solids (d.b., %) Bulk Density 
Porosity 
(cm3/cm3) 
Com Stover 0.0864 (±0.0073) 0.9136 (±0.0073) 
Wood Stover 0.0679 (±0.0045) 0.9321 (±0.0046) 
54 (in-place) 
72 (1.33*in-place) 
90 (1.67*in-place) 
118 (in-place) 
158 (1.33*in-place) 
0.9670 (±0.0002) 
0.9560 (±0.0003) 
0.9450 (±0.0004) 
0.9234 (±0.0003) 
0.8974 (±0.0004) 
197(1.67*in-place) 0.8721 (±0.0005) 
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Table 4. Summary of biomatehal filter performance based on manure mass. 
Manure Filter Initial Material Total Manure Manure Manure Manure 
Type Material Total Density Solids Mass Mass Mass Mass 
Solids Mass per Per Per Per 
Removal Filter Filter Filter Filter 
(g/cnf) 
Efficiency Length Area Volume Mass 
(%) (%) (kg/cm) (kg/m^) (kg/m^ (kg/kg) 
0.054 64.07 1.01 199.66 998.7 18.5 
0.5 0.072 63.18 1.00 198.13 991.0 13.8 
0.090 54.87 0.67 131.84 659.5 7.3 
Corn 
Stover 
0.054 73.87 2.17 427.37 2,137.7 39.6 
2.75 0.072 74.56 2.56 504.61 2,524.0 35.1 
0.090 73.55 1.50 296.99 1,485.5 16.5 
0.054 72.77 2.22 438.75 2,194.6 40.6 
5.0 0.072 74.85 1.73 341.97 1,710.5 23.8 
Dairy 0.090 77.13 1.50 295.31 1,477.1 16.4 0.118 65.54 0.78 152.95 765.1 6.5 
0.5 0.158 68.02 0.62 122.09 610.7 3.9 
0.197 63.05 0.59 116.53 582.9 3.0 
Wood 
Shavings 
0.118 75.79 1.55 306.03 1,530.8 13.0 
2.75 0.158 72.94 0.92 182.10 910.8 5.8 
0.197 77.76 0.81 160.79 804.3 4.1 
0.118 80.52 1.02 201.82 1,009.5 8.6 
5.0 0.158 74.09 0.94 185.70 928.9 5.9 
0.197 80.77 0.51 100.42 502.3 2.5 
0.054 38.41 0.58 115.15 576.0 10.7 
0.5 0.072 35.38 0.53 104.32 521.8 7.2 
0.090 35.70 0.43 84.23 421.3 4.7 
Com 
Stover 
0.054 37.33 0.94 185.58 928.3 17.2 
2.75 0.072 40.87 0.72 142.85 714.5 9.9 
0.090 42.71 1.28 253.59 1,268.4 14.1 
0.054 38.38 1.11 219.28 1,096.8 20.3 
5.0 0.072 42.5 0.63 124.98 625.1 8.7 
Swine 0.090 42.62 0.52 101.78 509.1 5.7 0.118 45.39 0.59 116.14 580.9 4.9 
0.5 0.158 49.70 0.46 90.97 455.1 2.9 
0.197 50.20 0.38 75.34 376.9 1.9 
Wood 
Shavings 
0.118 48.62 0.45 88.93 444.8 3.8 
2.75 0.158 52.71 0.59 115.57 578.1 3.7 
0.197 55.12 0.60 117.87 589.6 3.0 
0.118 45.18 0.59 115.97 579.8 4.9 
5.0 0.158 48.56 0.20 40.25 201.3 1.3 
0.197 56.95 0.09 17.98 90.0 0.5 
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Table 5. Summary of biomaterial filter performance based on manure volume. 
Manure Filter Initial Material Total Manure Manure Manure Manure 
Type Material Total Density Solids Volume Volume Volume Volume 
Solids Mass per Per Per Per 
Removal Filter Filter Filter Filter 
(g/cm") 
Efficiency Length Area Volume Mass 
(%) (%) (L/cm) (Um=) (Urn") (L/kg) 
0.054 64.07 3.16 624.11 3,117.47 115.46 
0.5 0.072 63.18 3.18 628.06 3,137.22 87.14 
0.090 54.87 2.44 481.23 2,403.75 53.42 
Com 
Stover 
0.054 73.87 1.07 210.67 1,052.32 38.97 
2.75 0.072 74.56 1.25 246.44 1,231.00 34.19 
0.090 73.55 0.74 147.04 734.45 16.32 
0.054 72.77 0.61 120.75 603.16 22.34 
5.0 0.072 74.85 0.46 91.50 457.06 12.70 
Dairy 0.090 77.13 0.39 76.68 383.02 8.51 0.118 65.54 2.37 467.39 2,334.65 39.57 
0.5 0.158 68.02 1.82 359.49 1,795.66 22.73 
0.197 63.05 1.87 370.16 1,848.96 18.77 
Wood 
Shavings 
0.118 75.79 0.74 147.04 734.45 12.45 
2.75 0.158 72.94 0.46 90.91 454.10 5.75 
0.197 77.76 0.38 75.30 376.11 3.82 
0.118 80.52 0.25 50.20 250.74 4.25 
5.0 0.158 74.09 0.25 50.20 250.74 3.17 
0.197 80.77 0.13 24.90 124.38 1.26 
0.054 38.41 3.04 600.40 2,999.01 111.07 
0.5 0.072 35.38 2.99 590.51 2,949.65 81.93 
0.090 35.70 2.39 472.53 2,360.32 52.45 
Corn 
Stover 
0.054 37.33 0.92 181.03 904.24 33.49 
2.75 0.072 40.87 0.64 127.27 635.74 17.66 
0.090 42.71 1.09 216.21 1,079.96 24.00 
0.054 38.38 0.58 114.43 571.57 21.17 
5.0 0.072 42.5 0.30 58.89 294.18 8.17 
Swine 0.090 42.62 0.24 47.83 238.89 5.31 0.118 45.39 2.59 512.45 2,559.72 43.39 
0.5 0.158 49.70 1.86 366.60 1,831.19 23.18 
0.197 50.20 1.52 300.59 1,501.48 15.24 
Wood 
Shavings 
0.118 48.62 0.34 66.60 332.68 5.64 
2.75 0.158 52.71 0.40 79.84 398.82 5.05 
0.197 55.12 0.39 77.87 388.94 3.95 
0.118 45.18 0.26 51.38 256.66 4.35 
5.0 0.158 48.56 0.08 16.60 82.92 1.05 
0.197 56.95 0.03 6.32 31.59 0.32 
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Table 6. Average and standard deviations for manure volumes applied to filters. 
Manure Filter Initial Material Volume Volume Total 
Type Material Total Density Filtered First Filtered Last Volume 
Solids (g/cml Increment Increment Applied 
(%) (L) (L) (L) 
0.054 3.58 (±0.73) 4.0 (±0.00) 31.58 (±0.73) 
0.5 0.072 3.78 (±0.38) 4.0 (±0.00) 31.78 (±0.38) 
0.090 3.01 (±0.86) 4.0 (±0.00) 24.35 (±1.90) 
Com 
Stover 
0.054 2.98 (±0.36) 3.68 (±0.55) 10.66 (±0.82) 
2.75 0.072 3.50 (±0.56) 3.63 (±0.64) 12.47 (±1.84) 
0.090 2.38 (±0.23) 3.73 (±0.46) 7.44 (±2.50) 
0.054 2.57 (±0.25) 3.54 (±0.80) 6.11 (±0.84) 
5.0 0.072 2.30 (±0.08) 2.33 (±0.54) 4.63 (±0.62) 
Dairy 0.090 2.02 (±0.23) 1.86 (±0.33) 3.88 (±0.47) 0.118 2.63 (±0.38) 3.67 (±0.54) 23.65(±2.25) 
0.5 0.158 2.19 (±0.44) 4.0 (±0.00) 18.19 (±0.44) 
0.197 1.77 (±0.36) 3.63 (±0.65) 18.73 (±2.52) 
Wood 
Shavings 
0.118 2.38 (±0.01) 3.73 (±0.23) 7.44 (±0.24) 
2.75 0.158 1.75 (±0.09) 2.85 (±1.12) 4.60 (±1.08) 
0.197 1.65 (±0.27) 2.16 (±0.49) 3.81 (±0.76) 
0.118 1.68 (±0.14) 0.86 (±0.42) 2.54 (±0.33) 
5.0 0.158 1.68 (±0.14) 0.86 (±0.42) 2.54 (±0.33) 
0.197 0.95 (±0.35) 0.32 (±0.39) 1.26 (±0.60) 
0.054 3.71 (±0.50) 4.0 (±0.00) 30.38 (±2.11) 
0.5 0.072 3.21 (±0.68) 4.0 (±0.00) 29.88 (±1.63) 
0.090 2.57 (±0.24) 4.0 (±0.00) 23.91 (±2.54) 
Com 
Stover 
0.054 2.67 (±0.20) 2.49 (±1.31) 9.16 (±1.37) 
2.75 0.072 2.43 (±0.12) 2.68 (±0.13) 6.44 (±1.50) 
0.090 2.55 (±0.19) 3.04 (±1.07) 10.94 (±3.10) 
0.054 2.37 (±0.23) 2.08 (±1.67) 5.79 (±1.84) 
5.0 0.072 2.01 (±0.43) 0.98 (±0.06) 2.98 (±0.49) 
Swine 0.090 1.86 (±0.46) 0.62 (±0.31) 2.42 (±0.59) 0.118 2.43 (±0.13) 3.50 (±0.87) 25.93 (±4.00) 
0.5 0.158 1.98 (±0.36) 3.24 (±0.67) 18.55 (±1.83) 
0.197 1.81 (±0.40) 2.72 (±1.19) 15.21 (±2.58) 
Wood 
Shavings 
0.118 1.70 (±0.33) 1.67 (±1.84) 3.37 (±2.14) 
2.75 0.158 1.63 (±0.08) 2.40 (±1.39) 4.04 (±1.34) 
0.197 1.14 (±0.24) 1.48 (±2.19) 3.94 (±4.71) 
0.118 1.27 (±0.62) 1.33 (±2.30) 2.60 (±2.79) 
5.0 0.158 0.84 (±0.54) 0.00 (±0.00) 0.84 (±0.54) 
0.197 0.32 (±0.43) 0.00 (±0.00) 0.32 (±0.43) 
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Table 7. ANOVA table for the Total Solids removal efficiency (% 
Source DF MS F-Value p>F 
Manure Type (man) 1 19,277.1 945.9 <0.0001 
Total Solids (ts) 2 782.1 38.4 <0.0001 
man*ts 2 261.8 12.9 <0.0001 
Filter Material (mat) 1 1,368.4 67.2 <0.0001 
man'mat 1 395.4 19.4 <0.0001 
ts'mat 2 11.1 0.5 0.5830 
man*ts*mat 2 13.7 0.7 0.5145 
Density (den) 2 37.7 1.9 0.1645 
man*den 2 79.5 3.9 0.0246 
ts*den 4 60.6 3.0 0.0248 
man*ts*den 4 14.1 0.7 0.6014 
mat'den 2 39.9 2.0 0.1484 
man*mat*den 2 16.6 0.8 0.4465 
ts*mat*den 4 20.7 1.0 0.4048 
man*ts*mat*den 4 9.4 0.5 0.7637 
Table 8. Total solids removal means for manure type versus influent total solids. 
% Initial Total Solids 
0.5 2.75 5.0 Means 
Manure Type Dairy 
Swine 
63.12 
42.46 
74.75 
46.23 
76.69 
45.70 
71.52 
44.80 
Means 52.79 60.49 61.20 
Table 9. Total solids removal means for manure type versus filter material. 
Filter Material 
Corn Stover Wood Shavings Means 
Manure Type Dairy Swine 
69.87 
39.33 
73.16 
50.27 
71.52 
44.80 
Means 54.33 61.72 
Table 10. Total solids removal means for manure type versus filter material density. 
Filter Material Density 
1.0 1.33 1.67 Means 
Manure Type Dairy 
Swine 
72.09 
42.22 
71.27 
44.95 
71.19 
47.22 
71.52 
44.80 
Means 57.16 58.11 59.21 
Table 11. Total solids removal means for % initial TS versus filter material density. 
% Initial Total Filter Material Density 
Solids 1.0 1.33 1.67 Means 
0.5 
2.75 
5.0 
Means 
53.35 
58.91 
59.21 
57.16 
54.07 
60.27 
60.01 
58.12 
50.96 
62.28 
64.37 
59.20 
52.79 
60.49 
61.20 
60 
Table 12. ANOVA table for the filtrate volume. 
Source DF MS F-Value P>F 
Manure Type (man) 1 20.54 5.91 0.0175 
Total Solids (ts) 2 4,675.21 1,345.12 <0.0001 
man*ts 2 0.143 0.04 0.9595 
Filter Material (mat) 1 839.23 241.46 <0.0001 
man*mat 1 3.31 0.95 0.3321 
ts*mat 2 79.45 22.86 <0.0001 
man*ts*mat 2 0.202 0.06 0.9434 
Density (den) 2 99.94 28.75 <0.0001 
man*den 2 6.75 1.94 0.1505 
ts*den 4 39.45 11.35 <0.0001 
man*ts*den 4 9.81 2.82 0.0311 
mat*den 2 7.26 2.09 0.1311 
man*mat*den 2 12.93 3.72 0.0290 
ts*mat*den 4 14.35 4.13 0.0046 
man*ts*mat*den 4 5.51 1.59 0.1871 
Table 13. Total filtrate volume (L) means for filter material type versus influent total 
solids mass %. 
% Initial Total Solids 
0.5 2.75 5.0 Means 
Filter Material Wood Shavings 20.04 4.04 1.65 8.57 
Corn Stover 28.63 9.51 4.30 14.57 
Means 24.34 6.77 2.97 
Table 14. Total filtrate volume (L) means for % initial total solids versus filter 
material density. 
% Initial Total Filter Material Density 
Solids 1.0 1.33 1.67 Means 
0.5 27.88 24.59 20.54 24.34 
2.75 6.91 6.89 6.53 6.77 
5.0 4.26 2.69 1.97 2.97 
Means 13.01 11.39 9.68 
CHAPTER 3. GENERAL CONCLUSIONS 
General Discussion 
This study investigated the importance of manure type, influent %TS, filter 
media type, and media density on manure filtration. Manure type was the 
predominant factor that influenced the performance of biomaterial filters. The 
difference between dairy and swine filtration was approximately 27 percentage 
points across all treatments. Since manure type was important in filtration, it 
indicates that the characteristics (physical and chemical) of the manure are 
important for filtration. One physical characteristic was tested in this study, the 
influent mass %TS. The results from the TS analysis showed that manure 
characteristics were important since difference between 0.5% and 2.75/5.0% TS 
treatments were approximately 8 percentage points. Since the difference between 
the manure types was large it indicates that other characteristics other than influent 
mass %TS were influencing filtration. These characteristics could include particle 
size, the fraction of dissolved versus suspend organic matter, and how the waste is 
handled before separation, etc. Statistical analysis showed that the various 
interactions between the different factors were also important in determining % TS 
mass removal efficiency. These factors included manure type, influent mass % TS, 
filter media, and media density. 
Depth filtration, that is the removal of particles throughout the entire filter, did 
not appear to occur in this investigation, as confirmed by previous studies. Solids 
were mainly trapped within the top portion or on top of the filter media. As a result 
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the manure "cake" is the primary agent for liquid-solid separation in this study. Thus, 
properties of the manure, such as influent %TS, would be more important in 
determining filter performance as compared to filter media properties, such as 
porosity and permeability. When one media factor tested in this study, filter media 
density, was changed from 1.0 times uncompacted to 1.67 times uncompacted, the 
change in % TS mass removal efficiency was only 2 percentage points. Media bulk 
density has a direct impact on porosity and permeability, and since these changes 
only weakly affected filter performance so the importance of porosity and 
permeability is minimal. In terms of design, filter media properties are not extremely 
important; it appears that only enough material has to be provided to support "cake" 
filtration. 
With manure "cake" filtration there was a clear tradeoff between TS mass 
removal efficiency and the quantity of liquid that could be passed through the filter. 
At an influent %TS of 0.5% using a com stover filter, approximately an average of 
565 liters of manure could be filtered per square meter of filter area. As the influent 
%TS was increased to 2.75% and 5.0%, the volume filtered decreased to 200 L/nrf 
to 85 L/rrf. The trend was the same for wood shaving filters except the volumes 
were lower, starting at 330 L/nf, 80 L/nf, to 32 Um^. The wood shavings, with a 
lower porosity, the manure cake plugged the surface of filter quickly and thus lead to 
the lower filter volumes. 
Biomaterials, such as com stover and wood shavings, offer the potential 
assist in the liquid-solid separation of manure. Thin layers of biomaterial, as a 
support media, assists manure cake filtration. The separation can yield useful liquid 
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or solid fractions and the biomaterial/manure layer can be removed at the end of the 
filter run and composted. The ease of operation, low cost, and the availability of 
biomaterials on farms suggests that there are situations where biomaterial media 
filtration for livestock manures may be useful. 
Future Research Recommendations 
Further research with biomaterial filtration still needs to be done to improve its 
operation. The following are points that such be considered as areas of further 
research concerning biomaterial filtration. 
1. Continue to investigate potential of more types of biomaterials for use as filter 
media and how further processing, for example grinding, affects the filtration 
process. 
2. Examine further how other manure properties, such as manure particle size 
and distribution, affect filtration. 
3. Investigate further how specific biomaterial filter properties like porosity, 
permeability, and bulk density influence the liquid-solid separation process. 
4. Research how filter media and manure properties affect cake formation and 
determine if depth filtration by filter media is actually more effective than 
filtration by the manure "cake". 
5. Test different hydraulic head regimes, such as falling or constant head, to see 
if and how they affect capacity of filter and TS removal. 
6. Initiate the development of design parameters or guidelines for those who 
might be interested in installing biomaterial filters for liquid-solid separation. 
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As these issues or problems are further investigated, liquid-solid separation with 
biomaterial filters has the potential to be an important part of the animal waste 
treatment and control system. 
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APPENDIX 
EXPERIMENTAL DATA 
The following table contains the trial number, manure type (D=Dairy, 
S=Swine), % influent TS, filter material (CS=Com Stover, WS=Woodshavings), filter 
material density (1=1*in-place density, 1.33=1.33*in-place density, and 1.67=1.67*in-
place density), total manure volume filtered (Liters), average % TS removal, and the 
ratio of manure volume filtered to filter surface area (LVm^). 
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Table 15. Experimental Data 
Run # Manure Influent Filter Density Volume %TS Vol/Filter 
Type %TS 
(mass) 
Material Filtered 
(L) 
Removed 
(mass) 
Surface 
(L/nf) 
1 D 0.5 WS 1 26.2 66.35 517.28 
2 D 5 WS 1.33 3.44 73.03 67.92 
3 S 2.75 WS 1.33 3.4 57.89 67.13 
4 D 0.5 WS 1.67 21.63 64.52 427.05 
5 D 2.75 es 1.67 5.83 72.17 115.10 
6 D 2.75 WS 1.33 4.65 74.25 91.81 
7 S 0.5 es 1.33 30.8 35.13 608.09 
8 D 2.75 WS 1 4.22 72.79 83.32 
9 S 0.5 es 1 31.14 33.29 614.81 
10 S 2.75 es 1 10.74 45.49 212.04 
11 D 5 es 1.33 3.94 69.57 77.79 
12 S 5 WS 1.67 0.075 61.64 1.48 
13 D 2.75 es 1.67 10.32 74.77 203.75 
14 D 5 es 1 5.18 72.66 102.27 
15 S 2.75 WS 1.33 5.58 55.98 110.17 
16 D 2.75 es 1.33 12 75.99 236.92 
17 S 0.5 WS 1 22.58 47.53 445.80 
18 D 5 WS 1.67 0.58 75.67 11.45 
19 S 5 WS 1.67 0.07 52.04 1.38 
20 S 5 WS 1 0.58 43.81 11.45 
21 s 2.75 es 1.67 10 47.64 197.43 
22 s 0.5 WS 1.67 15.85 53.15 312.93 
23 s 0.5 WS 1.67 12.37 51.78 244.23 
24 D 0.5 es 1 30.74 68.43 606.91 
25 D 2.75 WS 1.33 5.66 67.63 111.75 
26 D 5 es 1 6.32 69.21 124.78 
27 D 5 WS 1.33 1.2 69.96 23.69 
28 S 2.75 WS 1 2.84 52.31 56.07 
29 D 0.5 es 1.67 26.4 55.76 521.22 
30 S 5 es 1.33 2.58 40.79 50.94 
31 S 5 es 1.67 2.85 44.70 56.27 
32 S 0.5 es 1 28 38.25 552.81 
33 s 5 es 1 3.8 43.29 75.02 
34 D 2.75 es 1 10.8 74.74 213.23 
35 S 5 es 1.33 3.53 44.13 69.69 
36 S 2.75 es 1 8.26 39.81 163.08 
37 s 0.5 WS 1.33 16.8 52.62 331.69 
38 s 5 WS 1 1.44 44.92 28.43 
39 s 0.5 WS 1.33 18.4 49.97 363.28 
40 D 0.5 es 1.33 32 62.66 631.79 
41 D 5 es 1.33 5.16 78.26 101.88 
42 D 0.5 es 1.33 31.34 64.75 618.76 
43 S 5 es 1.67 1.75 44.73 34.55 
44 S 2.75 es 1.33 5 42.57 98.72 
45 D 0.5 WS 1.33 18.34 69.31 362.09 
46 D 2.75 es 1.33 14.5 75.21 286.28 
47 S 5 es 1.33 2.84 42.67 56.07 
48 S 5 WS 1.33 1.38 52.29 27.25 
49 S 2.75 WS 1 1.54 49.88 30.40 
50 D 5 es 1.67 4.42 79.44 87.27 
Run 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
45. 
441 
608 
349 
91. 
366 
345 
631 
631 
225 
5.G 
34. 
18.1 
30.i 
43.i 
52. 
193 
157 
29.: 
403 
490 
215. 
134 
432 
61.1 
87.1 
71.1 
51J 
552 
165 
473. 
92. 
124 
72.: 
450 
70.: 
167 
444. 
343. 
146. 
446. 
94.: 
529. 
122. 
16. 
69. 
336. 
112. 
283. 
631. 
120. 
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Manure Influent Filter Density Volume %TS 
Type %TS Material Filtered Removed 
(mass) (L) (mass) 
D 5 WS 1.33 2.31 79.28 
S 0.5 es 1.67 22.38 42.53 
S 0.5 es 1.33 30.84 44.76 
D 0.5 WS 1.33 17.7 68.24 
D 2.75 WS 1.67 4.64 76.24 
D 0.5 WS 1.33 18.54 66.50 
D 0.5 WS 1.67 17.5 61.90 
D 0.5 es 1 32 61.63 
D 0.5 es 1.33 32 62.12 
D 2.75 es 1 11.4 74.05 
S 5 WS 1.33 0.3 50.28 
D 5 WS 1.67 1.73 83.23 
S 2.75 WS 1.67 0.944 61.52 
S 2.75 WS 1.67 1.52 50.26 
D 5 WS 1 2.18 82.55 
S 5 es 1.67 2.67 38.43 
D 2.75 es 1 9.78 72.83 
S 2.75 es 1.33 8 38.29 
D 5 WS 1.67 1.48 83.42 
S 0.5 WS 1.33 20.46 46.51 
S 0.5 WS 1 24.84 43.71 
D 2.75 es 1.33 10.9 72.48 
D 5 es 1 6.82 76.43 
D 0.5 WS 1 21.92 67.24 
S 2.75 WS 1.33 3.14 44.27 
D 2.75 WS 1 4.44 77.86 
D 2.75 WS 1.67 3.64 79.19 
D 5 WS 1 2.61 79.44 
S 0.5 es 1.33 28 26.24 
S 2.75 es 1.67 8.38 35.61 
D 0.5 es 1.67 24 54.14 
D 2.75 WS 1 4.7 76.73 
S 2.75 es 1.33 6.32 41.74 
D 5 es 1.67 3.66 73.54 
D 0.5 WS 1 22.84 63.03 
D 5 es 1.67 3.56 78.41 
S 2.75 es 1 8.48 26.70 
S 0.5 es 1.67 22.5 25.41 
S 0.5 WS 1.67 17.4 45.69 
s 5 es 1 7.44 30.64 
D 0.5 es 1.67 22.64 54.72 
D 5 es 1.33 4.78 76.73 
S 0.5 es 1.67 26.84 39.16 
D 2.75 es 1.67 6.18 73.70 
S 5 WS 1.67 0.82 57.19 
D 2.75 WS 1.33 3.5 76.93 
D 0.5 WS 1.67 17.06 62.72 
S 2.75 WS 1 5.72 43.68 
S 2.75 es 1.67 14.38 44.87 
S 0.5 es 1 32 43.69 
S 5 es 1 6.12 41.22 
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Run # Manure Influent Filter Density Volume %TS Vol/Filter 
Type %TS Material Filtered Removed Surface 
(mass) (L) (mass) (L/m=) 
102 S 5 WS 1.33 0.84 43.11 16.58 
103 D 0.5 es 1 32 62.15 631.79 
104 S 5 WS 1 5.78 46.81 114.12 
105 S 2.75 WS 1.67 9.38 53.57 185.19 
106 S 0.5 WS 1 30.36 44.92 599.41 
107 D 5 WS 1 2.82 79.58 55.68 
108 D 2.75 WS 1.67 3.14 77.85 61.99 
